Introduction {#Sec1}
============

The quadrotor has small size, light weight and the ability to Vertically Take-Off and Land (VTOL) \[[@CR1]\]. For a single quadcopter, many effective control strategies are proposed, like PID control strategy \[[@CR2]\]. On the other hand, Unmanned Aircraft System (UAS) has been applied in military and other fields, which brings many problems of swarm formation. The swarm formation requests the agents in the swarm complete a task together, and the agents usually have to form a given formation. The quadcopter swarm formation problem is one of the research focuses. However, the swarm formation control has strong coupling and nonlinearity \[[@CR3]\]. Some kinds of methods to solve it are proposed, like artificial potential function-based \[[@CR3]\], observer-based, leader-follower \[[@CR4]\] and so on. The problem is how to find the best way to form the formation accurately and quickly. In this case, intelligence optimization algorithms can solve this problem efficiently because of their irreplaceable feature \[[@CR3]\].

The PIO algorithm is presented in 2014, which is based on the natural characteristics of pigeons \[[@CR5]\]. The homing ability of pigeons used by PIO is based on the sun, the Earth's magnetic field and landmarks. However, the basic PIO algorithm is easy to fall into the local optimal solution \[[@CR3]\]. It is necessary to try to strengthen PIO's global search capability \[[@CR6], [@CR7]\]. The binary particle swarm optimization (BPSO) is developed by Kennedy and Eberhart \[[@CR8]\] and used to optimize combinational problems. Over the years, many kinds of novel BPSO algorithms have been developed, like sticky binary PSO \[[@CR9]\], chaotic BPSO \[[@CR10]\] and so on.

In this paper, the model of quadrotor and how to control a quadrotor with PID control method are introduced firstly. Then the BPIO is developed and use it to solve the quadrotor swarm formation control problem. At last, the BPIO is compared with other binary algorithms to confirm its rapid convergence.

Dynamics Modeling and Control of a Quadrotor {#Sec2}
============================================

Coordinate System {#Sec3}
-----------------
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Dynamics Modeling {#Sec4}
-----------------

To simplify the problem, the quadrotor is simplified as a rigid body and the deformation of the blade is ignored. The equations are expressed as follows \[[@CR2]\]:$$\documentclass[12pt]{minimal}
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The Strategy of Control Design {#Sec5}
------------------------------

To control the quadrotor effectively, PID control method is used in this paper \[[@CR1], [@CR2]\]. The designed control system is shown in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2.The control strategy
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The BPIO Algorithm {#Sec6}
==================

Pigeon-Inspired Optimization {#Sec7}
----------------------------

The PIO algorithm includes the map and compass operator and the landmark operator \[[@CR5]--[@CR7]\]. In PIO, each pigeon individual represents a feasible solution. The pigeon individual $\documentclass[12pt]{minimal}
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### Map and Compass Operator {#FPar1}

The map and compass operator is used at the beginning of the calculation. When this operator is working, every pigeon's position and velocity are updated in every iteration as follows \[[@CR5]\]:$$\documentclass[12pt]{minimal}
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In every iteration, the individual fitness value is calculated using the new position, and the $\documentclass[12pt]{minimal}
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### Landmark Operator {#FPar2}

When the landmark operator is working, the number of pigeons reduces by half in every iteration, and the positions of pigeons are updated by the strategy as follows \[[@CR5]\].$$\documentclass[12pt]{minimal}
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According to Eq. ([5](#Equ5){ref-type=""}), half of the pigeons are ignored in every iteration because these pigeons are far away from the destination, the center of the left individuals, and the pigeons near the destination will fly to the destination very quickly.

Binary Pigeon-Inspired Optimization {#Sec8}
-----------------------------------

It is obvious that the original PIO algorithm is a kind of continuous algorithm, like the PSO. To solve combinational problems, the Binary PSO (BPSO) and improved algorithms are developed \[[@CR8]--[@CR10]\]. In the same way, the Binary PIO (BPIO) is developed.

In BPIO, the velocity entries are used to indicate the probability that the corresponding position entries flip either from 1 to 0 or from 0 to 1. The position entries are either 1 or 0, as defined in BPSO \[[@CR9]\].
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To make the pigeon have stronger global search ability in the beginning and stronger convergence as the iteration goes on, the value of $\documentclass[12pt]{minimal}
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The strategy of how to flip the position of the individual is given now. Because the velocity entries indicate the probability, its value should be limited in the range $\documentclass[12pt]{minimal}
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The position entries can be updated by the equation as follow.$$\documentclass[12pt]{minimal}
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When the landmark operator works, the population size reduces by half and the positions and velocities are updated in every iteration. To avoid the value being smaller than 1, the population size is updated as follow.$$\documentclass[12pt]{minimal}
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Then the velocity is updated as follow and the position is updated in the same way as Eq. ([11](#Equ11){ref-type=""}).$$\documentclass[12pt]{minimal}
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Steps of the BPIO algorithm are given as follows.**Step 1:** Initialize parameters of BPIO algorithm. Set the population size $\documentclass[12pt]{minimal}
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BPIO for the Quadrotor Swarm Formation Control {#Sec9}
==============================================

Encoding the Parameters to be Optimized {#Sec10}
---------------------------------------

In this problem, there are three parameters to be optimized, as shown in Table [3](#Tab3){ref-type="table"}. The definitions of these parameters are shown in Fig. [3](#Fig3){ref-type="fig"}. Noting that the coordinate system $\documentclass[12pt]{minimal}
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From the Table [3](#Tab3){ref-type="table"}, the dimension number is seven which means that every pigeon represents seven binary bits in the binary solution space. The meaning of every bit and the map of bits and parameters' values are also shown in Table [3](#Tab3){ref-type="table"}.

For a follower, when the combination of three parameters' values is selected by the BPIO, the desired position of the follower is selected.

The Fitness Function {#Sec11}
--------------------

When selecting a suitable fitness function for the quadcopter swarm formation problem, there are two basic parts that must be included. Firstly, the fitness function should include the information of the expected position and the current position of the followers. Secondly, the crash of the followers must be avoided. To satisfy these requests, the fitness function of *i*-*th* follower is defined as follow:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \text{fitness}_{i} = \left\{ {\begin{array}{*{20}c} {\left\| {{\mathbf{p}}_{i,cur} - {\mathbf{p}}_{i,exp} } \right\|^{2} } & {\left\| {{\mathbf{p}}_{i,cur} - {\mathbf{p}}_{j,cur} } \right\|_{\text{min} } > 1} \\ {f_{\text{max} } } & {\left\| {{\mathbf{p}}_{i,cur} - {\mathbf{p}}_{j,cur} } \right\|_{\text{min} } < 1} \\ \end{array} } \right. $$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\mathbf{p}}_{i,cur} $$\end{document}$ is the current position, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\mathbf{p}}_{i,exp} $$\end{document}$ is the desired position, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ f_{\text{max} } $$\end{document}$ is a large number which is always larger than $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \left\| {{\mathbf{p}}_{i,cur} - {\mathbf{p}}_{i,exp} } \right\|^{2} $$\end{document}$. Also, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ i $$\end{document}$ is not equal to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ j $$\end{document}$. The minimum distance of followers is set to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 1\,{\text{m}} $$\end{document}$. If the distance between *i*-*th* follower and another follower is smaller than $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 1\,{\text{m}} $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ f_{\text{max} } $$\end{document}$ will be assigned to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \text{fitness}_{i} $$\end{document}$.

Simulation Results and Analysis {#Sec12}
-------------------------------
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From Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}, it is obvious that BPIO algorithm can form a feasible swarm. Because responding to the position signals, the velocity of leader almost always changes with time. On the other hand, the followers have their own mobility. Thus the followers sometimes may be unable to response to the current desired position quickly and need to get a new expect position. The BPIO algorithm can optimize a new desired position for the followers immediately. Specially, the follower 2 and 4 have more complex flight path. Because follower 2 and 4 optimize their path later than follower 1 and 3, follower 2 and 4 must respond when near to other followers. The simulation result also verifies that the fitness function (15) is feasible to avoid the crash even if the equation is so simple.

To confirm the rapid convergence, the BPIO is compared with the novel binary PSO in \[[@CR11]\] and the binary PSO in \[[@CR12]\]. The range of the particles (or pigeons) is set to $\documentclass[12pt]{minimal}
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Figure [8](#Fig8){ref-type="fig"} shows that the BPIO can converge more quickly. Table [4](#Tab4){ref-type="table"} shows the optimization results after running the algorithms for 20 times.Fig. 8.Iterative curve of the algorithms Table 4.The results after running the algorithms 20 timesBPIOBPSO as in \[[@CR11]\]BPSO as in \[[@CR12]\]Best optimizationresult$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 2.085968 \times 10^{ - 9} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 2.085968 \times 10^{ - 9} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 7.354714 \times 10^{ - 6} $$\end{document}$The cost time of the best result$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 1.949235\,{\text{s}} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 2.155005\,{\text{s}} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 2.770884\,{\text{s}} $$\end{document}$Mean of the optimization results$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0.000110 $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0.014247 $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0.007056 $$\end{document}$Mean of the cost time$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 2.087806\,{\text{s}} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 2.382623\,{\text{s}} $$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 2.904913\,{\text{s}} $$\end{document}$

Conclusion {#Sec13}
==========

The swarm formation is a challenging problem. In this paper, the rigid body model of quadrotor is used for simulation. The BPIO algorithm is used to optimize the expected position for the followers, and then the followers move to the expected position based on the PID control method. At the same time, the method to avoid the crash is applied when selecting the fitness function. The simulation verifies that the BPIO algorithm can effectively produce the expected position, avoid the crash and converge quickly. From the comparison of BPIO algorithm and other two kinds of BPSO algorithm, the high performance of BPIO algorithm is confirmed.
